In this paper, we study the in‰uence of the scaling functions in Perzyna's type elasto-viscoplastic models for predicting time-dependent behaviour of natural clays. The constitutive models were developed based on the overstress theory with diŠerent scaling functions and on the elastoplastic model S-CLAY1S which accounts for induced anisotropy and gradual degradation of apparent soil bonds. Laboratory tests were simulated on natural clays under one-dimensional and triaxial conditions to evaluate the scaling function in‰uence in the modelling of the strain-rate eŠect on soil strength and creep eŠect. The in‰uence of scaling functions on modelling the time-dependent behaviour under pressuremeter condition was also numerically examined. This test is treated as an example of a boundary value problem, which also allows us to see if this in situ testing is capable of deriving the parameters controlling the time-dependent behaviour.
INTRODUCTION
The time-dependent behaviour of natural clays has been investigated by various researchers (e.g., Bjerrum, 1967 . Typical results such as variable strain rate, creep, and stress-relaxation tests show that the behaviour of clay is strongly in‰uenced by time. This time-dependency is often modelled by applying Perzyna's overstress theory (Perzyna, 1963 (Perzyna, , 1966 , such as adopted by Adachi and Oka (1982) , Shahrour and Meimon (1995) , Desai and Zhang (1987) , Fodil et al. (1997) , Rowe and Hinchberger (1998) , Hinchberger and Rowe (2005) , Tong and Tuan (2007) , Yin and Hicher (2008) , etc. In these types of models, the distance between the static yield surface and the dynamic loading surface is commonly considered as the scaling function. In general, when these scaling functions are applied to soil behaviour, they are proposed in power or exponential form, as summarized in Table 1 , and appear to give reasonable predictions for various selected soils. However, the in‰uence of the scaling function on modelling the timedependent behaviour of clay under diŠerent loading conditions remains di‹cult to be estimated. This paper focuses on the in‰uence of scaling functions in Perzyna-type elasto-viscoplastic models on the prediction of the time-dependent behaviour of natural clays. Several versions of an elasto-viscoplastic model based on Perzyna's overstress theory and the elasto-plastic model S-CLAY1S have been developed. These models diŠer only by the expression of diŠerent scaling functions. By keeping the same values of parameters except for parameters related to each scaling function for all the models, we can evaluate the in‰uence of each scaling function on the soil behaviour. Constant strain rate and creep tests on natural clays under both one-dimensional and triaxial conditions, which are the typical elementary tests for geotechnical design, were simulated. The strainrate eŠect on soil characteristics, such as the apparent preconsolidation pressure and the undrained shear strength, obtained by each model are discussed, as well as the creep feature under diŠerent applied stress levels. We also investigate the in‰uence of the scaling functions in modelling the time-dependent behaviour under pressuremeter condition. This test is treated as an example of a boundary value problem, which also allows us to see if this in situ testing is capable of deriving the parameters controlling the time-dependent behaviour. The aim of this work is to provide unbiased analysis for selecting a suitable scaling function to model natural clay behaviour. 
ELASTO-VISCOPLASTIC MODELS
The elasto-viscoplastic models in this paper are based on Perzyna's overstress theory (1963, 1966) considering diŠerent scaling functions and the elasto-plastic S-CLAY1S model developed by Karstunen et al. (2005) . Following Perzyna's original idea, the viscoplastic strainrate ·e [ p ij can take the following expression:
where m is referred to as the ‰uidity parameter; the functional form of F(F ) represents the eŠects of strain-rate on the yield of the material; the function F is deˆned to be F＝Fd-Fs (Fd and Fs represent the strain-hardening parameters relating, respectively, to the size of the dynamic and static surfaces); and the McCauley brackets imply that 〈q(F )〉 ＝(|q(F )|＋q(F ))/2. fd is the viscoplastic potential function, represented by the dynamic loading surface as explained in the following. The scaling function m 〈F(F )〉 , which controls the magnitude of the viscoplastic strain-rate, is assumed to be determined by the normalised distance between a dynamic loading surface p Therefore, all the diŠerent models discussed in this paper use the same expression of the viscoplastic strain-rate given by Eq. 
where sd is the deviatoric stress tensor; ad is the deviatoric fabric tensor, a dimensionless vector with the same form as deviatoric stress vector; M is the slope of the critical state line. For the special case of a cross-anisotropic sample, the scalar parameter a＝ 3/2(ad:ad) deˆnes the inclination of the elliptic of the yield curve in the q-p? plane as illustrated in Fig. 1(a) . The dynamic loading surface has an identical shape, but a diŠerent size p d m ( see Fig.  1 (a)):
The intrinsic yield surface is assumed again to have a similar shape, with its size deˆned by pmi, which is related to the size of the static yield surface and function of the bonding parameter x ( Fig. 1(a) ). The expansion of the intrinsic yield surface ( see Fig.  1(a) ), which represents the intrinsic hardening of the material, is assumed to be due to the inelastic volumetric strain e [ p v , similar to the critical state models:
where li is the slope of the intrinsic normal compression curve in the e-ln sv ? plane for a stress path at constant stress ratio involving no change of anisotropy (such as an isotropic loading on an isotropic sample, or an oedometer test on a reconstituted sample ( see Fig. 1(b) ), k is the slope of the swelling-line and e is the void ratio.
The rotational hardening law, based on the formulation proposed by Wheeler et al. (2003) , describes the development or erasure of anisotropy caused by viscoplastic strains. Both volumetric and deviatoric viscoplastic strains in‰uence the rotation of the yield curve:
where the soil parameter v controls the rate at which the components of the deviatoric fabric tensor heads toward their current target values, which depend on the stress path, and v d controls the relative eŠect of viscoplastic deviatoric strains in rotating the yield and loading surfaces.
The amount of particle bonding is given by a scalar state variable x, which is changing due to bond degradation ultimately to zero, analogous to the S-CLAY1S model (Karstunen et al. 2005) :
where the soil constant j controls the absolute rate of destructuration and j d controls the relative eŠect of viscoplastic deviatoric strains in destroying the bonds; x0 is the initial amount of bonding, which relates the sizes of the intrinsic yield surface and the static yield surface as:
Taking into account the elastic stress-strain relations which are assumed to be isotropic similar to the Modiˆed Cam Clay model (Roscoe and Burland, 1968) , the constitutive equations of the proposed model for structured clays are derived as follows:
where G is the elastic shear modulus, which can be expressed in terms of Poisson's ratio n? and k. Model parameters with their deˆnitions are summarized in Table  2 .
For a K0-consolidated clay, Wheeler et al. (2003) proposed the following equations based on the assumption of Jacky's formula K0＝1-sin f (f is friction angle in compression) to determine ak0 and vd ( see details in Wheeler et al., 2003) :
where hK0＝3M/(6-M ).
The numerical implementation of the diŠerent models as a user-deˆned soil model into the 2D v8 PLAXISˆnite element code is based on a numerical solution proposed by Katona (1984) . The basicˆnite element scheme for the proposed model is similar to the ones presented by Oka et al. (1986) and Rowe and Hinchberger (1998) . For a cou- -5 and 6.75×10 -9 s -1 and oedometer creep tests under applied vertical stress varying from 51 to 135 kPa. The clay properties are the followings: water content 65z, plastic limit wP＝23z, liquid limit wL＝46z, clay-sized particle content 35z, silt-sized particle content 60z. The soil permeability is taken equal to 3.2×10 -9 m/s, corresponding to the full dissipation of the excess pore pressure at t＝8.4 hours during constant vertical stress tests. The specimens were 20 mm high and 75 mm in diameter. Drainage was limited to the top of the specimens. The initial vertical eŠec-tive stress was s? v0 ＝39 kPa, equal to the in situ vertical eŠective stress, at the depth where the specimens were taken. This initial state corresponds to p? m0 equal to 23.5 kPa for the constitutive models.
Two oedometer tests at strain rates equal to 1.27×10 -5 and 3.38×10 -7 s -1 ( see Fig. 2 (a)) were selected to calibrate the parameters of each model. The parameters l i , k, e 0 and x 0 in Table 3 were determined from the results of oedometer tests on natural samples, with li＝ 0.36 determined at a strain level of 15-18z. Based on the results obtained by Boudali (1995) , the slope of the critical state line M was assumed to be equal to 1.3, corresponding to a critical state friction angle q c ? of 32.39 . M has only a slight eŠect on the stress strain curve of an oedometer test. The values of aK0 and vd were then calculated directly from M using Eq. (9) . The value of the Poisson's ratio was assumed to be 0.25, a typical value for natural clays, since the eŠect of the Poisson's ratio (normally varying from 0.15 to 0.35 for natural clays) on the stress-strain-time behaviour of natural clays is negligible when simulating tests under oedometer, triaxial and pressuremeter conditions. The actual value of parameter v has no in‰uence on the e v -s v ? curve of an oedometer test, because during one-dimensional consolidation no further rotation of the yield surface is expected. Because results are available for only one stress path, the values of j and jd were chosen as coupled values via curveˆtting. The viscosity parameters N and m were determined by curveˆtting from the tests at two strain rate levels for all models with diŠerent scaling functions, using a procedure proposed by Yin and Hicher (2008) : parameter N can bê rst determined according to the slope of the relation between the preconsolidation pressure and the applied strain-rate, then the apparent viscosity m can be determined byˆtting the preconsolidation pressure amplitude. Figure 2 (a) shows a goodˆt between simulations of all models and experimental data, as expected from the calibration procedure.
Strain-rate EŠect on the Apparent Preconsolidation Pressure
Figure 2(b) shows a good performance of theˆrst four models for modelling the strain-rate eŠect on the apparent preconsolidation pressure compared to experimental data. For tests with middle-level strain rates, the strainrate eŠect can be represented by an approximately linear relationship between sp ? and the strain-rate in log scale, which is a common phenomenon for natural clays as reported by Leroueil et al. (1985) . For the tests at small strain rates, all the models predict that s p ? converges to a constant value representing the long-term preconsolidation pressure of the material, although it is not clear whether sp ? tends to a constant value or not when looking at the experimental results, due to the di‹culty of conducting oedometer tests at extremely small strain rates.
Slight diŠerences between the predicted results obtained by theˆrst four models can be found: the predicted preconsolidation pressure by models Expon1 and Power1 converges earlier to a constant value ( see Fig.  2 (b) Expon1 vs. Expon2 and Power1 vs. Power2). Model Power3 reproduces a more non-linear and smaller progressive decrease of sp ? with strain rate in a large range.
In order to examine the suitability of the scaling function for soft clays, we choose another case with the most signiˆcant strain-rate eŠect on the preconsolidation pressure (Bothkennar clay in Fig. 2(c) ). Parameters were determined from oedometer tests by Nash et al. (1992) with the slope of critical state line M provided by Allman and Atkinson (1992) , summarized in Table 2 . Using diŠerent models, curves of sp ?/s? v0 versus strain-rate were obtained as shown in Fig. 2(d) . For this case with signiˆcant strainrate eŠect on the preconsolidation pressure, a diŠerent mathematical structure of scaling function gives diŠerent rate-dependency of preconsolidation pressure, especially within the domain of small strain-rate. For the cases with both signiˆcant and weak strain-rate eŠects on sp ?, the model using Power3 reproduces a more non-linear and smaller progressive decrease of sp ? with strain-rate in a large range. When using the viscoplastic strain-rate expression in Eq. (1), the relation between the strain-rate and sp ? has been implied. The nonlinearity of this relation depends on the mathematical structure of the scaling function, as shown in Figs. 2(b) and (d) . Based on the above investigations, the model Power3 does not appear suitable for natural clays. Creep Feature under DiŠerent Applied Stress Levels Figure 3 presents the comparison between predictions of all models ( see Figs. 3(b), (d) , (e), (g) and (h)) and experimental data ( see Figs. 3(a) , (c) and (f)). Each model can generally reproduce correctly the one-dimensional creep behaviour of soft clays in terms of the evolution of strain and strain rate (Cae＝Dev/D log t and dev/dt＝Dev/ Dt) via time, although the settlements are overestimated for high stress levels. One possible reason for this overestimation is that the constitutive models can not express material nonlinearities with su‹cient accuracy at high stress levels. Figure 3 (b) shows a signiˆcant diŠerence between the predictions of models with diŠerent scaling functions after 7.5 days of applied loading, where the strains are purely due to soil viscosity. This demonstrates that using the parameters determined from the same set of oedometer tests, diŠerent models (with diŠerent scaling functions) will give diŠerent long-term behaviours due to their diŠerent mathematical structures. Since the determination of parameters is based on tests at two constant strain-rates, the error is also associated with the extrapolation of the data using these models for long-term loading.
For all stress levels, the model Expon1 gives the largest strain ( see Fig. 3(b) ), with an increase of Cae, except for the applied stress level at 51 kPa ( see Fig. 3(d) ), and with the biggest strain rate ( see Fig. 3(g) ). This increase of C ae can be observed for some clays during long-term oedometer testing, such as Flumet clay by Fodil et al. (1997) Fig. 3(b) ), with C ae evolving to a constant value (linear creep, see Fig. 3(d) ), and with a linear decrease of log (dev /dt) via log t ( see Fig. 3(g) ). The models Expon2 and Power2 give almost the same strains which are smaller than those obtained by the model Power1 ( see Fig. 3(b) ), with decreasing values of C ae (non linear creep) and de v /dt decreasing toward zero. The model Power3 gives the smallest strains ( see Fig. 3(b) ), with decreasing values of Cae and dev/dt decreasing toward zero, as with Expon2 and Power2, but with diŠerent magnitudes. Note that the strain rate given by models, Expon2, Power2 and Power3 decreases much faster compared to the experimental data.
It is worth pointing out that for oedometer creep test, due to the mathematical structure of the scaling functions the models Expon1 and Power1 give ·e
) corresponding to the current stress state lying on the static yield surface. For the next time step, the static yield surface expands due to a non null value of the viscoplastic volumetric strain. Therefore, the current stress state will be inside the yield surface, leading to an elastic behaviour ( ·e [ p v ＝0). During the following time step, a jump of the viscoplastic strain-rate from m&fd/&p? to zero, termed as``jump of zero-strainrate'', is created (e.g., simulations for 7.6 years after the applied stress of 135 kPa, not shown in Fig. 3 ). Since this jump is due to the mathematical structure of the scaling functions Expon1 and Power1, the jump is independent of the values of the model parameters used for the simulations. Furthermore, this jump can create a non smooth evolution of the long-term displacements in numerical simulations of boundary value problems, as discussed in the later section concerning the simulation of a pressuremeter test.
Models Expon2, Power2 and Power3 reproduce a progressive decrease of the strain rate from a given positive value to zero, due to the mathematical expression of their scaling functions, which is more reasonable for long-term behaviour, as the soil structure becomes increasingly denser during creep.
Time-dependent Behaviour under Triaxial Loading Review of Experimental Results and Calibration of Model Parameters
Vaid and Campanella (1977) conducted undrained triaxial tests at a constant strain rate varying from 0.0001 to 10z/min and undrained creep triaxial tests under applied constant deviatoric stress varying from 193 to 329 kPa on undisturbed Haney clay. The clay properties are as follows: plastic limit w P ＝26z, liquid limit w L ＝44z, the maximum past pressure equals to 340 kPa and a sensitivity St varying from 6 to 10. All the triaxial tests were performed by initially consolidating the samples under an eŠective isotropic conˆning pressure of 515 kPa for 36 hours, and then allowing them to stand for 12 hours under undrained condition before starting the shearing phase.
Two triaxial tests at strain rates of 1.1 and 0.15z/min ( see Fig. 4 (a)) were selected to calibrate the parameters of each model. The values of k, l i , e 0 and [ ? proposed by Vermeer and Neher (1999) were used. The slope of the critical state line M＝1.28 was estimated from triaxial tests and corresponds to a friction angle of 329 , which can be used to calculate aK0 and vd. v was calculated from l i (v＝10/l i ) as suggested by Zentar et al. (2002) . The initial bonding amount x0 was determined from the sensitivity value by x0＝St-1. Parameters j and jd were chosen as coupled values via curveˆtting. The viscosity parameters N and m were determined for each model from tests at two levels of constant strain rate. Parameter N can beˆrst determined according to the slope of the relation between shear strength and the applied strain-rate; then the apparent viscosity m can be determined byˆtting the shear strength amplitude, as proposed by Yin and Hicher (2008) . The soil anisotropy can be modiˆed during the isotropic consolidation stage and the preconsolidation pressure depends not only on the applied maximum consolidation stress but also on the duration of the consolidation stage. All undrained shear and creep tests were simulated together with the isotropic consolidation stage with an initial value of p s m0 ＝340 kPa corresponding to the in-situ consolidation stress. Values of p s m ＝410 kPa (smaller than theˆnal consolidation pressure of 515 kPa) and a＝0 were estimated at the end of the consolidation stage. The model parameters are summarized in Table 3 . Figure 4 (a) shows a goodˆt between the simulations of all models and experimental data, as expected from the calibration procedure. Figure 4 (b) shows a good performance of theˆrst four models for modelling the strain-rate eŠect on the undrained shear strength (maximal deviatoric stress function of the strain rate) in two phases: for the tests with small strain rates, the shear strength value converges to a constant stress value representing the long-term strength of the material, whereas for tests with middle-level strain rates, the strain-rate eŠect corresponds to a linear relationship between the shear strength and the log of the strain-rate. This two-phase phenomenon obtained by the models agrees with the experimental observations, as reported by, e.g., Vaid and Campanella (1977) and Sheahan et al. (1996) .
Strain-rate EŠect on the Undrained Shear Strength
Slight diŠerences between the predicted results obtained from theˆrst four models can be observed: the predicted shear strength by models with viscoplastic strain rate ·e Fig. 4 (b) Expon1 vs. Expon2 and Power1 vs. Power2). The model with power exponent N for the whole term (Power3) reproduces a more non-linear and smaller progressive decrease of the undrained shear strength when the strain rate is lowered over a large range. This is similar to that presented for the behaviour under one-dimensional condition. The relationship between the strain-rate and the undrained shear strength is imposed by the viscoplastic strain-rate expression in Eq.
(1). The nonlinearity of this relation depends on the mathematical structure of the scaling function. Figure 5 shows that all the models can reproduce the undrained creep behaviour of soft clay in terms of strain and strain rate evolutions versus time: for low applied stress levels, only the primary creep stage (deˆned by a continuous decrease of the strain rate) occurs, while for higher applied stress levels, a tertiary creep stage (deˆned by an increase of the strain rate) can be seen after a short duration of a secondary creep stage (deˆned by a constant strain rate). The model performance in predicting the tertiary creep stage is due to the incorporation of soil destructuration: for higher applied stress levels, if the eŠec-tive stresses reach the critical state line, there will be no change in the size of the intrinsic yield surface; the viscoplastic deviatoric strains will continue to increase and cause a reduction in the size of the static yield surface towards the intrinsic yield surface, which in turn increases the amount of overstress p d m /p s m . As a result, it is possible to reproduce the so-called tertiary creep stage. Therefore, the models explained one possible reason of the tertiary creep: the destructuration of soft sensitive clay. This is diŠerent from the theory of undrained creep rupture proposed by Sekiguchi (1984) for insensitive clays.
Undrained Creep Feature under DiŠerent Applied Stress Levels
Slight diŠerences can be seen between the test simulations by theˆrst four models for all stress levels regarding the deformation evolution with time ( see Fig. 5(a) ). In terms of strain rate versus time, slight diŠerences are obtained for the highest applied stress level (q＝267, 329 kPa) between theˆrst four models, whereas bigger diŠer-ences can be found for a lower applied stress level (q＝ 193 kPa) after 2.3 hours of creep. Due to the mathematical structures of Expon1 and Power1, the static yield surface can reach the dynamic loading surface (p d m ＝p s m ) in nite time. Therefore the models exhibit a strain rate jump from a given value to zero (as reported in the previous section during one-dimensional loading). For the other two models using Expon2 and Power2, it takes innite time for the static yield surface to reach the dynamic loading surface due to the mathematical expression of their scaling functions. Thus these two models reproduce a progressive decrease of the strain rate toward zero. For this lower applied stress level, the model Power3 gives the smallest strain with the smallest strain rate at an early stage and the highest strain rate after a certain creep time. For an intermediate stress level (q＝267 kPa), Model Power3 gives the smallest strain with the smallest strain rate at all times.
DiŠerent responses by diŠerent models are due to the mathematical structure of the diŠerent scaling functions. When using the viscoplastic strain-rate expressed by Eq.
(1) during undrained creep (elastic strain-rate is negligible in this case), the scaling function using p Fig. 4(a) ). The values of dfd/ds? ij depending on the current stresses, are closer for diŠerent models when simulating the same test. Thus the Fig. 5(c) implies the relationship between the viscoplastic strainrate and the overstress p give a jump of viscoplastic strain-rate from a positive value to zero (as shown in Fig. 5(b) ). The mathematical structure of Power3 gives lower viscoplastic strain-rate than the others, which generally results in smaller strain and strain-rate.
Compared to the test results for q＝193 kPa, the jump to zero-strain-rate by Expon1 and Power1 is not suitable. This jump can also result numerically in hackly curves during the simulation of geotechnical structures with complex loading and drainage conditions ( see next section). The progressive decrease of the strain rate to zero by other models is more reasonable although their predicted strain rates are smaller than the experimental ones.
Time-dependent Behaviour under Pressuremeter Loading Finite Element Analysis of a Pressuremeter Test
In order to investigate the in‰uence of the scaling functions on the numerical simulations of the time-dependent behaviour of clay under pressuremeter condition, selfboring pressuremeter tests at constant strain rate varying from 0.01 to 1z/min and creep tests with an additional pressure at cavity wall D p＝20 kPa on Haney clay were considered. Samples were consolidated up to a vertical eŠective stress s? v0 ＝100 kPa and a radial eŠective stress s? ra0 ＝48 kPa with an initial pore water pressure u0＝150 kPa. The soil was assumed to be normally consolidated with pm0 corresponding to s? v0 ＝100 kPa and s? ra0 ＝48 kPa. During the expansion test, the soil was considered as saturated and the permeability k＝1×10 -9 m/s was kept constant during the whole test.
Theˆnite element mesh for pressuremeter test proposed by Houlsby and Carter (1993) and later modied by Zentar (1999) was adopted ( see Fig. 6 ). An axisymmetric condition in the horizontal direction was considered with a cavity radius a＝37 mm and a soil radius b ＝30*a, as shown in Fig. 6 . The value of the height H was taken equal to 80 * a. The mesh was composed of 669 elements with 1412 nodes. The elements for all tests were triangular with 6 integration points. The proposed elements and the mesh were veriˆed to be dense enough to achieve accurate numerical solutions.
Considering the boundary conditions, the vertical displacement at bottom was prevented. The displacement or pressure was applied in the pressuremeter probe as shown in Fig. 6 . No water ‰ow was allowed to pass through the four faces for the undrained boundary conditions. The eŠect of the drainage condition at the outer boundary has also been examined and found to be negligible for this case. The values of Haney clay parameters ( see Table 3 , except for pm0) determined from triaxial tests at constant strain rate were used to simulate the pressuremeter tests with each model.
Strain-rate EŠect on Pressure at Cavity Wall
Figure 7(a) shows the comparison between the predicted stress strain curves (total radial stress sra versus relative displacement at the cavity wall dra＝ratio of the cavity wall displacement to the initial cavity radius) of each model. It demonstrates that all models can describe the strain-rate eŠect on the pressure at cavity wall (i.e., total radial stress). As under one-dimensional and triaxial conditions, slight diŠerences can be detected between the predictions of theˆrst four models. Model Power3 predicts smaller changes of the pressure at cavity wall when the relative displacement rate is changed. Although there are no results of pressuremeter test on Haney clay, the predicted behaviours obtained by all the models agree with general experimental results, as reported by, e.g., Penumadu and Chameau (1997) and Rangeard (2002) on diŠerent soft clays.
Creep Feature
Figure 7(b) shows the predicted creep deformation under pressuremeter condition by the diŠerent models. The stress path under pressuremeter condition with local drainage is more complicated than the one corresponding to one-dimensional and triaxial conditions. For a certain time during creep, some soil elements have p As explained in the previous section, Creep Feature under DiŠerent Applied Stress Levels, the strain-rate jumps (strain-rate from a positive value to zero) by models Expon1 and Power1 occur for the following time steps. Therefore, the predicted evolutions of the relative displacement are not smooth ( see Fig. 7(b) ). Thus, these two models appear rather unsuitable for a boundary value problem with this kind of loading.
Similar to what was obtained under one-dimensional and triaxial conditions, slight diŠerences are observed between the predicted creep deformations by models Expon2 and Power2. Model Power3 predicts smaller creep deformation than the others.
CONCLUSIONS
Elasto-viscoplastic models were developed based on Perzyna's overstress theory and the elasto-plastic model S-CLAY1S which accounts for induced anisotropy and the gradual degradation of apparent bonds in soils. Except for diŠerent scaling functions, the models retained all the other constitutive equations. The in‰uence of the scaling function on modelling time-dependent behaviour of natural clays could thus be evaluated.
Although all models can describe the main features of the time-dependent behaviour, diŠerences between predicted results can be signiˆcant. The proposed models reproduced time-dependency of natural clays under diŠerent loading and drainage conditions, namely constant strain-rate and creep tests under both triaxial and one-dimensional conditions. The in‰uence of the scaling functions and the performance of the models for onedimensional and triaxial conditions are summarised as follows:
-Concerning the strain-rate in‰uence on the soil strength, the predictions by the diŠerent models are slightly diŠerent and agree well with the experimental data, except for the model Power3 which predicts a smaller non-linear progressive decrease of the maximum strength when decreasing the strain rate over a large range due to the mathematical structure of the scaling function, which appears to be unsuitable for clays. -For creep tests, the predicted results by models Expon1 and Power1 share a jump in the strain rate from a positive value to zero, something that does not correspond to clay behaviour. Models Expon2, Power2 and Power3 reproduce a progressive decrease of the strain rate toward zero due to the mathematical expressions of their scaling functions, which is more reasonable for predicting long-term behaviour. Compared to the predictions of all the other models, model Power3 predicts the smallest creep deformations due to the mathematical structure which generally gives lower viscoplastic strainrate than others during creep. The in‰uence of the scaling functions was also investigated by describing the time-dependent behaviour under pressuremeter condition, considered as an example of a boundary value problem. Similar conclusions as the ones presented above for one-dimensional and triaxial conditions can be drawn. It is worth pointing out that for such a complicated stress path with local drainage condition during creep, models Expon1 and Power1, with a strain rate jump from a positive value to zero, cannot properly predict a smooth evolution of the relative displacements with time as experimentally observed. This is not only due to the mathematical structures of Expon1 and Power1, but also caused by the non-homogenous stressˆeld under pressuremeter condition. Therefore, these two models are not recommended for modelling clay behaviour.
As discussed, diŠerent mathematical structures of the scaling function give diŠerent responses of the viscoplastic strain-rate in Eq. (1) which results in diŠerent stressstrain-time response. The models using Expon1 and Power1 give a strain-rate jump when simulating tests or cases under constant applied stresses. The model using Power3 reproduces a more non-linear and smaller progressive decrease of preconsolidation pressure and undrained shear strength with strain-rate in a large range, and generally gives lower viscoplastic strain-rate. The models using Expon2 and Power2 can better reproduce the time-dependent behaviour of natural clay along various stress and strain conditions.
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